FOXO transcription factors are conserved regulators of longevity downstream of insulin signaling. These transcription factors integrate signals emanating from nutrient deprivation and stress stimuli to coordinate programs of genes involved in cellular metabolism and resistance to oxidative stress. Here, we discuss emerging evidence for a pivotal role of FOXO factors in promoting the expression of genes involved in autophagy and the ubiquitin-proteasome system -two cell clearance processes that are essential for maintaining organelle and protein homeostasis (proteostasis). The ability of FOXO to maintain cellular quality control appears to be critical in processes and pathologies where damaged proteins and organelles accumulate, including aging and neurodegenerative diseases.
FOXO transcription factors are conserved regulators of longevity downstream of insulin signaling. These transcription factors integrate signals emanating from nutrient deprivation and stress stimuli to coordinate programs of genes involved in cellular metabolism and resistance to oxidative stress. Here, we discuss emerging evidence for a pivotal role of FOXO factors in promoting the expression of genes involved in autophagy and the ubiquitin-proteasome system -two cell clearance processes that are essential for maintaining organelle and protein homeostasis (proteostasis). The ability of FOXO to maintain cellular quality control appears to be critical in processes and pathologies where damaged proteins and organelles accumulate, including aging and neurodegenerative diseases.
The FOXO family of transcription factors FOXO transcription factors are involved in several physiological and pathological processes, including aging, cancer, and neurological diseases [1, 2] . The conserved function of FOXO transcription factors in the extension of organismal lifespan [3] has fueled the search for the mechanisms underlying this prolongevity function of FOXO. Mechanisms of cellular quality control have recently been found to be involved in longevity and could play an important role in mediating the ability of FOXO to extend lifespan and delay signs of age-related diseases.
The FOXO family is a subclass of Forkhead transcription factors characterized by a winged helix DNA-binding domain known as a Forkhead box [4] . Caenorhabditis elegans and Drosophila each possess one FOXO factor, whereas the mammalian FOXO family comprises four members (FOXO1, FOXO3, FOXO4, and FOXO6) that mainly differ in their tissue-specific expression. FOXO transcription factors function mostly as transcriptional activators, and their activity is inhibited by insulin and growth factor signaling. In the presence of insulin and insulin-like growth factor (IGF), the phosphoinositide 3-kinase (PI3K)-AKT signaling pathway is activated and protein kinases such as AKT and the related protein kinase SGK (serum and glucocorticoid-induced kinase) directly phosphorylate FOXO factors at three conserved residues, resulting in FOXO exclusion from the nucleus and repression of transcriptional activity [5] [6] [7] [8] . In the absence of insulin or growth factor signaling, or during starvation, FOXOs translocate to the nucleus where they activate programs of gene expression. The first FOXO targets that were identified include stress-resistance genes [7, 9, 10] and metabolism genes [11] [12] [13] . In addition to being phosphorylated by AKT and SGK, FOXOs can also be post-translationally modified at many other residues. FOXO post-translational modifications have been proposed to serve as a combinatorial 'FOXO code', which can be recognized by binding partners to regulate select programs of gene expression (metabolism vs stress resistance) in response to diverse external stimuli [14] . For example, FOXO factors can be phosphorylated at diverse residues by several different stress-responsive protein kinases, including AMPK [15] , JNK [16, 17] , MST1 [18] , as well as ERK and p38 MAPK [19, 20] . FOXOs are also regulated by acetylation/deacetylation, ubiquitination, and arginine and lysine methylation in response to a variety of stimuli, including oxidative stress and changes in nutrient status [21] [22] [23] [24] . The central position of FOXO transcription factors at the integration hub for many stimuli has sparked interest in identifying additional gene expression programs and cellular functions that could mediate the ability of these transcription factors to regulate longevity.
Emerging evidence from multiple systems indicate that FOXOs orchestrate the expression of genes involved in cellular quality control, and in particular the protein homeostasis (proteostasis) network [25] . Moreover, recent findings suggest that maintenance of proteostasis may in part underlie the role of FOXO as a prolongevity factor. Here, we discuss the role of FOXO factors in the regulation of two intracellular clearance mechanisms, autophagy and the ubiquitin-proteasome system, that function to rid the cell of damaged and aggregated proteins and could contribute to the role of FOXO factors in cellular homeostasis. In addition, we discuss the interplay between FOXOs and other regulatory mechanisms, in particular the mechanistic target of rapamycin (mTOR) pathway, a central regulator of autophagy and aging. Finally, we discuss the implications of FOXO-mediated cellular quality control for aging and age-related diseases.
Autophagy is an evolutionarily conserved process that allows cells to degrade and recycle cytoplasmic proteins and organelles in response to starvation. Autophagy is also responsible for the degradation of protein aggregates, which would otherwise accumulate and cause cytotoxicity. Three main types of autophagy exist: chaperone-mediated autophagy, microautophagy, and macroautophagy, all of which function to deliver intracellular contents to the lysosome. In chaperone-mediated autophagy, cytosolic proteins are selectively and individually transported into the lysosome for degradation. In microautophagy, a portion of the cytoplasm is directly engulfed by the lysosome. In macroautophagy, proteins and organelles are engulfed by a double-membraned autophagosome, which subsequently fuses with the lysosome. Macroautophagy (hereafter referred to as autophagy for simplicity) functions as a protective response that is stimulated under stress conditions including nutrient deprivation and starvation. Decreased autophagy is associated with hallmarks of premature aging [34] [35] [36] and age-related degenerative diseases [37] [38] [39] [40] [41] .
FOXO transcription factors induce autophagy and mitophagy in muscle FOXO factors were initially found to regulate autophagy in muscle in response to starvation or denervation. Overexpression of FOXO3 in C2C12-derived myotubes, isolated mouse muscle, or myofibers increases a marker of autophagosome formation (LC3-GFP) [27, 32] . Conversely, knockdown of FOXO3 results in decreased autophagosome foci in adult skeletal muscle [27] . The process of autophagy is coordinated by a network of autophagy-related genes (atg genes), which encode proteins that are involved in the recruitment of cargo, formation of autophagosomes, fusion with the lysosome, and release of degradation products (amino acids, lipids, nucleic acids, and carbohydrates) [42, 43] . FOXO3 induces the expression of several autophagy genes involved in various stages of the process, including LC3b (Map1lc3b), Gabarapl1, Pi3kIII, Ulk2, Atg12l, Beclin1, Atg4b, and Bnip3 ( Figure 1A ). Chromatin immunoprecipitation (ChIP) experiments revealed that several of these genes are direct FOXO targets in muscle cells, including LC3b, Gabarapl1, Atg12l, Bnip3, and Bnip3l [27, 32] . Interestingly, fasting increases FOXO3 binding at the LC3b, Bnip3, and Bnip3l promoters in adult mouse skeletal muscle, and FOXO3 is required for fasting-induced autophagy in myotubes [27] . Thus, that FOXOinduced autophagy may be critical for adaptation to fasting and recycling of nutrients from the cell/tissue in the face of starvation.
Precisely how FOXO3 is activated in skeletal muscle in response to starvation and denervation is not fully understood. Inhibition of the insulin pathway is probably involved in the activation of FOXO3 in response to starvation. A recent study implicates the protein kinase MST1, a known regulator of FOXO activity, in the activation of FOXO3 in response to denervation [44] . MST1 is activated upon denervation and knockout of the Mst1 gene results in decreased denervation-induced muscle wasting in adult mice, as well as reduced expression of LC3b (Map1lc3b) and Bnip3 7 days post-denervation [44] . The activation of MST1 and atg gene expression correlates with the phosphorylation and nuclear translocation of FOXO3 [44] , although it remains to be determined whether FOXO3 is the main intermediary between MST1 and muscle atrophy, or if other factors also contribute.
In muscle, FOXO transcription factors also promote a specialized form of autophagy -termed mitophagy -in which mitochondria are recognized and degraded by the autophagy-lysosomal pathway [45] . At the mechanistic level, mitophagy is induced upon degradation of Mitofusin 2 (MFN2), a large GTPase that normally promotes mitochondrial fusion [46] . In muscle, overexpression of FOXO1 or FOXO3 activates the expression of Mul1, a mitochondrial E3 ubiquitin ligase which colocalizes with autophagosomes during mitophagy and targets MFN2 for degradation ( Figure 1B ) [47] . MFN2 degradation in turn results in the induction of mitophagy and skeletal muscle atrophy [47] .
The ability of FOXO transcription factors to trigger autophagy in muscle is conserved in Drosophila [26] . Muscle-specific overexpression of dFOXO activates autophagy in this tissue, which delays the accumulation of protein aggregates and mitigates the loss of muscle functionality during aging [26] . dFOXO activates transcription of 4E-BP, a known inhibitor of protein translation, and 4E-BP overexpression itself is sufficient to activate autophagy and increase performance in flight assays [26] . Although the induction of autophagy by FOXOs in muscle is conserved from flies to mammals, it is unknown whether the mechanisms involved have been maintained throughout evolution. For example, it is currently unknown whether activation of 4E-BP by FOXO transcription factors in mammalian cells affects autophagy levels.
FOXOs promote autophagy and mitophagy in neurons: implications for neurodegenerative diseases Regulation of autophagy and mitophagy by FOXO transcription factors has also been observed in mammalian neurons [31, 48] , which may have ramifications for neurodegenerative diseases. Similar to other cell types, several autophagy genes are activated in neurons in response to FOXO1 nuclear localization, including Bnip3, Beclin1, and Atg5 ( Figure 1A ) [31] . Recent evidence implicates FOXO3 in the clearance of defective mitochondria in dopaminergic neurons expressing a-synuclein, an aggregation-prone protein involved in familial Parkinson's disease [48] . On the one hand, expression of a constitutively active form of FOXO3 induces degradation of a-synuclein and clearance of mitochondria [48] . On the other hand, dominant-negative forms of FOXO3 protect against death of dopaminergic neurons [48] . Thus, although FOXO3 is able to prevent asynuclein-associated toxicity in Parkinson's disease models, it may also be responsible for neuronal death in diseased individuals [48] . Importantly, these conclusions were based on virally delivered mutants of FOXO3, and it will be necessary to investigate the role of FOXO3 in asynuclein-mediated toxicity using genetic models to determine the precise role of FOXO3 in mammalian models of Parkinson's disease. Together, several lines of evidence indicate that in mammals, FOXO factors activate mitophagy at the transcriptional level by increasing expression of mitochondrial E3 ubiquitin ligases, which in turn target mitochondria to the phagophore for degradation, and this may be a protective mechanism in mammalian models of Parkinson's disease.
In Drosophila, dFOXO expression protects dopaminergic neurons in models of Parkinson's disease [49] . Global dFOXO overexpression ameliorates the mitochondrial defects and neuronal degeneration that are normally observed in Drosophila PINK1 mutants [49] . Whereas in mammalian cells, FOXO3 was shown to promote mitophagy by transcriptionally activating the gene encoding the serine/threonine kinase PINK1, which in turn recruits the ubiquitin ligase PARKIN (PARK2) to the mitochondrial membrane to promote MFN2 degradation ( Figure 1B ) [50] , PINK1 appears to function upstream of FOXO in fly dopaminergic neurons [49] . It will be important to determine if PINK1 can also act upstream of FOXO in mammals in a feedback loop, and determine whether the ability of FOXO3 to promote mitophagy delays neurodegeneration in cellular or organismal models for Parkinson's diseases in mammals. Although FOXO plays a protective role in flies that are deficient for PARKIN (PARK2), it has also been reported to induce apoptosis in dopaminergic neurons under conditions of oxidative stress triggered by loss of DJ-1b (PARK7), another gene involved in Parkinson's disease, in Drosophila [51] . Thus, FOXO may act as an oxidative stress rheostat in dopaminergic neurons, playing a protective role when oxidative stress levels are relatively low, but promoting cell death when the oxidative stress load is high.
Future studies will be necessary to tease apart the apparently paradoxical roles for FOXO transcription factors in survival and death of dopaminergic neurons. It is possible that cellular outcomes in Parkinson's disease models FOXOs activate the transcription of ATG14, a protein that localizes to the inner face of the phagophore, to promote lipophagy. FOXO1 can also promote transcription of lipoprotein lipase, an enzyme that promotes triglyceride release, but it is not known if this regulation is direct. In all panels, genes highlighted in red have been shown to be FOXO targets. [52] . In a recent study, liver-specific triple knockout of Foxo1, Foxo3, and Foxo4 revealed a role for FOXOs in both autophagy and lipid metabolism [30] . Either liver-specific triple knockout or Atg14 knockdown in liver resulted in increased hepatic serum triglyceride levels [30] . Consistent with this phenotype, mammalian FOXO1 is known to transcriptionally activate lipoprotein lipase, an enzyme responsible for the breakdown of triglycerides ( Figure 1C ) [53] .
Role of FOXO in autophagy in other differentiated cell types FOXO factors also regulate autophagy in many other differentiated cell types, such as cardiomyocytes [54] and mouse primary renal proximal tubular cells [33] . In cardiomyocytes, FOXO1 and FOXO3 activate the core autophagy genes LC3b, Gabarapl1, and Atg12 [54] . Bnip3 is also upregulated by FOXO3 in mouse primary renal proximal tubular cells cultured with serum from calorically restricted mice in combination with hypoxia, indicating that FOXOs may regulate similar targets in different cell types [33] . Thus, activation of autophagy by FOXO in differentiated cells appears to be a general phenomenon that is coordinated by a network of autophagy-related genes.
FOXO3 promotes autophagy in hematopoietic stem cells Emerging evidence suggests that FOXOs not only promote autophagy in differentiated cells but also elicit this pathway in stem cells. A recent report uncovered a critical role for FOXO3 in the maintenance of autophagy in hematopoietic stem cells (HSCs) [55] . Using an LC3-GFP reporter, the authors observed a twofold reduction in autophagy in Foxo3-deficient HSCs relative to wild types. As in other cell types, FOXO3 regulates a program of genes important for the induction of autophagy, including Gabarapl2, Atg4b, and Bnip3. Interestingly, this study also revealed that autophagy was particularly important in HSCs during aging to maintain energy homeostasis and promote survival of the HSC pool [55] . In summary, FOXOs are key regulators of autophagy in various cell types, including stem cells. Specialized forms of autophagy, lipophagy and mitophagy, are also regulated by FOXOs, indicating that these transcription factors impinge on lipid and organelle homeostasis in addition to proteostasis. Intriguingly, depending on the cell type, upregulation of autophagy can be protective (HSCs) or detrimental (muscle) to the tissue. In some cases, whether autophagy is beneficial or harmful may be dependent on the cellular state (neurons). These cell type-specific differences raise the question of whether FOXO-mediated induction of autophagy is beneficial at the organismal level.
Organismal roles of FOXO in autophagy regulation
Studies in invertebrates have revealed that FOXO can induce autophagy in many tissues of the organism, potentially acting in a non-cell-autonomous manner. In C. elegans, FOXO/DAF-16 promotes autophagy in the context of pathogenic stimuli and heat stress. Global overexpression FOXO/DAF-16 induces autophagy in seam cells, and possibly other tissues, and increases lifespan in animals infected by the pathogen Salmonella [56] . Expression of the ATG genes bec-1 and lgg-1, the worm orthologs of Beclin-1 and LC3b, respectively, is required for the response to Salmonella infection [56] . Whether bec-1 and lgg-1 are directly activated by FOXO/DAF-16 in worms is unknown, but both genes are transcriptionally activated by FOXO in mammals. FOXO/DAF-16 also upregulates the expression of genes involved in the targeting of damaged proteins to the lysosome under heat stress conditions [57] , suggesting that FOXO/DAF-16 may also regulate autophagy under heat stress. By contrast, FOXO/DAF-16 is dispensable for the increased autophagy observed in response to reduction of insulin signaling [58] , suggesting that other transcription factors (or transcription-independent mechanisms) may be required for autophagy in conditions of low insulin signaling. Although autophagy is necessary for the lifespan extension of C. elegans insulin/IGF-1 receptor mutants (known as daf-2 mutants) [59] , daf-2;daf-16 double mutants still show increased autophagy, but no longer exhibit lifespan extension. These studies show that activation of FOXO in worms can increase autophagic flux in some contexts (pathogenic stress), but not all (decreased insulin signaling). It will be important to gain a mechanistic understanding of how activation of FOXO/DAF-16 induces autophagy globally in some contexts but not others.
FOXO can also regulate autophagy at the organismal level in Drosophila. Interestingly, overexpression of dFOXO or 4E-BP only in muscle is sufficient to extend lifespan and to reduce protein aggregation in other tissues (brain, adipose tissue, and the retina) [26] . This non-cellautonomous mechanism of lifespan extension by dFOXO or 4E-BP overexpression is likely to involve dietary restriction because the flies overexpressing FOXO in the muscle consume less food and have decreased hemolymph glucose levels [26] . Whether FOXOs can act non-cell-autonomously in mammals to affect aggregate formation or lifespan has not been tested. One way in which FOXO-induced autophagy may promote organismal longevity in both invertebrates and mammals is by clearing protein aggregates in the tissue of action and by regulating metabolism in a noncell-autonomous manner.
Interplay between FOXOs and other autophagy regulatory mechanisms
Intersection between FOXOs and the mTOR pathway in autophagy The mTOR pathway functions as a central regulator of cellular growth and metabolism. mTOR participates in two distinct multiprotein complexes, mTORC1 and mTORC2 [60] . Although mTORC1 and mTORC2 both coordinate metabolism and growth, mTORC1 appears to be the mTOR-containing complex that is most pivotal in the regulation of autophagy [60] . In nutrient rich or high growth factor conditions, activated mTORC1 phosphorylates and inhibits ULK1 (ATG1 in yeast) to block autophagosome formation (Figure 2) . Nutrient deprivation or high stress conditions cause mTORC1 to dissociate from ULK1, triggering the autophagic response [61, 62] . The mTORC1 complex plays a central role in the regulation of aging, in a manner that requires, at least in part, autophagy. Inhibition of mTORC1 with rapamycin or genetic interventions extends lifespan in various species, including mice [63] [64] [65] [66] [67] . In Drosophila, reduction of Atg5 eliminates rapamycin-induced lifespan extension [63] . Similarly, in C. elegans, BEC-1, a protein required for the initiation of autophagy, is required for the lifespan extension of mutants heterozygous for the TORC1 subunit daf-15/raptor [58] . The observation that mTORC1 inhibition extends lifespan in a manner that depends in part on autophagy raises the question of whether and how FOXOs and TORC1 interact.
An antagonistic relationship between FOXOs and mTOR has been observed in both mammalian cells and invertebrates. Unlike FOXO3, which serves to preserve mammalian HSC pools [68, 69] , mTORC1 activation leads to the premature depletion of these HSC pools [70, 71] . Experiments in C. elegans have also revealed opposing effects of FOXO and the mTOR pathway on autophagy [56, 58, 72] , lifespan [72] , and other physiological processes [73] . Whereas FOXO/DAF-16 promotes autophagy and longevity in worms [56, 74] , mTORC1 inhibits these processes [58, 72] . The opposing effects of FOXO and mTORC1 on autophagy raises the question of whether these two 'hubs' intersect.
Recent evidence has highlighted crosstalk between FOXOs and mTOR in autophagy in mammals and invertebrates. Overexpression of FOXO3 in cultured mammalian cells leads to a fourfold increase in glutamine synthetase activity and subsequent increase in glutamine levels [29] . Interestingly, induction of autophagy by FOXO3 in a human colon carcinoma cell line requires glutamine synthetase activity, and glutamine treatment is sufficient to induce autophagy ( Figure 2 ) [29] . Glutamine synthetase activity is sufficient to inhibit the localization of mTORC1 to the lysosome, suggesting that high glutamine levels induce autophagy at least in part by blocking the TOR pathway [29] . Intersection between FOXOs and the mTORC1 complex also occurs in invertebrates. In C. elegans, FOXO/DAF-16 negatively regulates the expression of daf-15/raptor (Figure 2 
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Trends in Biochemical Sciences April 2014, Vol. 39, No. 4 [75] . However, in this context, FOXO/DAF-16 is not directly required for general autophagy. Instead, FOXO/DAF-16 induces expression of lipl-4, a triacylglycerol lipase, which is important for lipophagy [75, 76] .
Interplay between FOXOs and other regulatory pathways involved in autophagy In addition to regulation by mTOR signaling, autophagy can be activated directly by the BECN1/VPS34/ATG14 complex [77] . This complex promotes formation of the phagophore (a precursor of the autophagosome) and is itself regulated by a network of factors, including the protein kinase AKT. AKT directly phosphorylates and inhibits BECN1, resulting in the inhibition of autophagy in an mTOR-independent manner [78] . When activated by insulin or IGF-1, AKT also inhibits FOXO transcription factors [5] , thereby inhibiting transcriptional activation of autophagy targets by FOXO factors. Thus, once activated, AKT has a dual mechanism for inhibiting autophagy: directly through the inhibition of BCN1 and indirectly by inhibiting FOXO-mediated transcriptional activation of autophagy genes.
FOXO transcription factors upregulate genes involved in the ubiquitin-proteasome system
In addition to autophagy, FOXO factors also regulate another clearance mechanism, the ubiquitin-proteasome system. Whereas autophagy is thought to be relatively specific to long-lived proteins and degradation under chronic starvation conditions [79] , the proteasome system is responsible for the degradation of most short-lived and regulatory cytosolic proteins [80] . The proteasome is also critical for the removal of misfolded and damaged proteins [81, 82] . Decreased proteasomal activity during aging has been observed in several tissues, including muscle, liver, heart, and skin, accounting for the observed accumulation of damaged proteins and inclusion bodies [83] [84] [85] [86] [87] . Moreover, an intact ubiquitin-proteasome pathway is essential to prevent neurodegenerative disease, including Parkinson's, Alzheimer's, and Huntington's diseases, as well as amyloidosis [25, 88] . By contrast, excessive activity of the ubiquitin-proteasome system may lead to muscle wasting and sarcopenia [89] .
FOXOs upregulate E3 ubiquitin ligases
Studies on skeletal muscle atrophy have highlighted the role of mammalian FOXOs in the upregulation of ubiquitin ligases. FOXO3 is a potent and direct transcriptional regulator of the muscle-specific E3 ubiquitin ligases atrogin-1 and Murf-1 (also known as Fbxo32 and Trim63, respectively) ( Figure 3 ) [90] [91] [92] . Ubiquitin ligases are major effectors of protein degradation in skeletal muscle where they tag lysine residues of proteins with polyubiquitin chains, thereby targeting them to the proteasome for proteolysis in response to catabolic stress. Both ubiquitin ligases are highly upregulated by FOXO3 during muscle atrophy and required for normal rates of atrophy in response to denervation [93] . Because FOXO factors also upregulate autophagy genes in conditions of atrophy or denervation, this finding raises the question of whether there is crosstalk or redundancy between proteasome-dependent degradation and autophagy. In future studies, it will be important to determine the relative contribution of each pathway to muscle atrophy to better understand how to reverse this condition.
Regulation of proteasomal machinery
In addition to acting upstream of ubiquitination, recent evidence indicates that FOXOs regulate proteolysis more directly by modulating the composition of the proteasome. In human embryonic stem cells (hESCs) and induced pluripotent stem cells, FOXO4 is both necessary and sufficient for expression of the proteasomal component PSMD11 (Figure 3 ), a subunit of the 19S regulatory cap and limiting constituent of the proteasome [94] . PSMD11 and total proteasome levels are high in hESCs where they are thought to prevent hESCs from accumulating damaged and aggregated proteins. During differentiation, proteasome activity declines due to a decrease in PSMD11 expression, which is no longer under FOXO4 regulation, and levels of polyubiquitinated proteins increase. In the absence of FOXO4, hESCs lose the potential to differentiate into 
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Ti BS Figure 3 . FOXOs coordinate the activation of the ubiquitin-proteasome pathway in mammalian cells. FOXO directly regulates transcription of the E3 ubiquitin ligases Atrogin-1 and Murf1, which target substrates for proteasomal degradation. In human embryonic stem cells (hESCs), FOXO4 activates transcription of the proteasomal regulatory subunit Psmd11 (rpn-6.1 in Caenorhabditis elegans) thereby maintaining high proteasomal activity in these cells.
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Trends 95] . This effect is specific to FOXO4 because overexpression of FOXO1 or FOXO3 does not affect proteasome activity in hESCs. Interestingly, the role of FOXO in regulating activity of the 19S proteasomal subunit is conserved across species. In C. elegans, FOXO/DAF-16 regulates expression of the PSMD11 ortholog, rpn-6.1, in the long-lived mutant glp-1 (Figure 3 ) [96] . In worms, rpn-6.1 also encodes a subunit of the 19S proteasomal cap that is a key regulator of proteasomal activity under proteotoxic stress [94, 97] . RPN-6.1 overexpressing worms are resistant to oxidative stress and polyglutamine aggregation, and have extended lifespans under heat stress. FOXO/DAF-16 confers resistance to both oxidative [98] and heat stress [57] under low insulin signaling conditions and daf-16 mutants have accelerated formation of polyglutamine aggregates in C. elegans [99] . Together, these data suggest a model in which FOXO/DAF-16 promotes various types of stress resistance via the activation of rpn-6.1, although it remains to be determined whether RPN-6.1 itself is required downstream of FOXO/DAF-16 to mediate these effects.
FOXO-dependent cellular quality control in the regulation of aging and neuropathologies Proteostasis pathways have a significant impact on aging and aging-related diseases. Generally, proteostasis mechanisms decrease with age, resulting in the accumulation of damaged, misfolded, and aggregated proteins [100] . Such species are cytotoxic to the cell and contribute to tissue degeneration during aging. Defects in proteostasis are also associated with several aging-related diseases, including neurodegeneration and cancer [25, 88, [101] [102] [103] . Many unanswered questions remain as to whether and how FOXO regulation of proteostasis impacts aging or age-related diseases at the tissue or organismal level.
FOXO-mediated proteostasis in longevity
Whether FOXO-mediated proteostasis impacts aging in mammals has not been directly addressed, but several lines of evidence suggest that it may. First, work in Drosophila implicates dFOXO-induced autophagy in the noncell-autonomous regulation of longevity [26] . In addition, the function of FOXOs in selective forms of autophagy, lipophagy and mitophagy, may counter aging in specific tissues [30, 47, 48, 50] . For example, FOXO-dependent lipophagy may be critical for the maintenance of lipid metabolism with age, which may delay age-dependent changes in metabolism and the appearance of the metabolic syndrome. Similarly, removal of damaged mitochondria by FOXO-induced mitophagy could be particularly helpful during aging and age-related diseases to protect the cell from intracellular reactive oxygen species that are generated as byproducts of dysfunctional mitochondria. It will be important to test whether FOXO-mediated autophagy and proteasomal function may influence mammalian lifespan, in particular human lifespan. In humans, single nucleotide polymorphisms (SNPs) in intronic regions of the FOXO3 locus have been associated with exceptional longevity in human centenarians and better prognosis in disease states [104] [105] [106] [107] [108] [109] [110] . FOXO1 has also been linked with human longevity in one of these studies [106] . In the future, it will be interesting to test whether these FOXO variants correlate with different levels of proteostasis in human samples. It will also be crucial to dissect the respective contribution of FOXO transcription factors in mammalian longevity using mouse models and examine their ability to promote proteostasis in mammalian tissues.
Importantly, work from C. elegans challenges the view that increased proteostasis is always beneficial for longevity. In nematodes, increased autophagy is not sufficient to extend lifespan in the absence of FOXO/DAF-16 [58] . By contrast, increased autophagy is essential for lifespan extension in conditions of dietary restriction or TOR inhibition in C. elegans [58] . In addition, increased autophagy in mice, by the ubiquitous overexpression of Atg5, is sufficient to extend median lifespan by 17.5% [111] . Why increased autophagy is not sufficient to extend lifespan in the absence of FOXO/DAF-16 in C. elegans remains unknown, but possibly because FOXO/DAF-16 is also needed to regulate other critical protective proteostasis mechanisms, such as the ubiquitin-proteasome system.
It remains unknown whether changes in FOXO expression or activity impact cellular quality control during aging. Because autophagy decreases with age in most tissues, it is possible that lower FOXO levels or activation underlie these changes. Interestingly, unlike the differentiated cell types that have been examined, HSCs appear to upregulate autophagy with age, which is important for energy homeostasis and cell survival. A portion of the autophagy program is under FOXO3 control in adult HSCs [55] . These findings, together with earlier reports of HSC dysfunction in Foxo3-deficient mice [68, 69] , suggest that FOXOs contribute to the maintenance of the HSC reservoir during aging by limiting damage from reactive oxygen species, preserving metabolic homeostasis and promoting autophagic 'flux', or flow through the autophagic pathway. It will be important to directly test the role of FOXO in autophagy with age in HSCs, other stem cells, and differentiated cells to determine whether aging-related changes are due to FOXO activity and, in the long term, whether increases in FOXO activity could ameliorate aging-related cellular and tissue damage by upregulating proteostasis networks. Generally, understanding how the FOXO-induced proteostasis network changes with age and disease progression will provide key insights into the timing and tissue of action of this network.
FOXO-dependent proteostasis in neurodegeneration FOXO transcription factors have been implicated in protection against neurodegenerative conditions in several animal models. In C. elegans, FOXO/DAF-16 activity is required for reduced toxicity of polyglutamine [99, 112, 113] , Ab [114] , and SOD1 [115] aggregates in low insulin signaling conditions (daf-2 mutants), suggesting a protective role in Huntington's disease, Alzheimer's disease, and amyotrophic lateral sclerosis (ALS). Although there is some evidence, including work in mammals [48] , that FOXO activity is protective in Parkinson's disease, more work is required to understand how this is balanced with a potential proapoptotic role for FOXO3 in dopaminergic neurons. Although several studies support a role for FOXO factors in combating aggregation-associated toxicity, it is not yet entirely clear whether this function is only dependent on FOXO-mediated proteostasis and clearance of aggregates. For example, protection against Ab toxicity in mice with low IGF-1 signaling is associated with the formation of dense, low toxicity Ab oligomers [116] . Whether FOXOs are involved in this protection against Ab toxicity has not yet been tested; nevertheless, this study raises the possibility that FOXO factors may also trigger additional genes and pathways to alleviate the action of toxic aggregates in neurodegenerative diseases. It will be interesting to tease out the role of FOXO factors in clearing aggregates and regulating the survival of neurons, as some of these functions may be mediated by different, and independently regulatable, arms of the FOXO network.
FOXO-dependent proteostasis in cancer
In cancer, autophagy appears to have a dual role: autophagy can promote tumor suppression, but also supports tumor growth under low nutrient conditions. In mouse models, mutations in Atg genes are associated with tumorigenesis, and genes that are commonly mutated in cancer, such as p53, Pten, Tsc1, and Tsc2, positively regulate autophagy [117] . FOXO activity is associated with reduced tumor risks in humans [118] and indeed FOXOs can act as tumor suppressors in mice [119] . Whether FOXOs prevent tumor progression by promoting autophagy is not yet known and will be important to test. Proteostasis via the ubiquitin-proteasome system significantly augments tumor development by degrading cell cycle regulators, and proteasome activity is commonly targeted in anticancer therapies [103] . Whether the specific E3 ubiquitin ligases downstream of FOXOs protect against cellular transformation has not been tested, and it remains possible that FOXOs induce additional modulators of the ubiquitinproteasome pathway that prevent cancer development. It will be important to determine if the ability of FOXO factors to upregulate members of the proteasome pathway plays an important role in their ability to act as tumor suppressors, because the antitumor efficacy of proteasome inhibitors could be diminished. It should also be noted that FOXO factors behave as oncogenes under some circumstances [120] . It will be interesting to understand the exact nature of the FOXO proteostasis network in the balance of cancer formation versus tumor suppression in different cancer types.
Concluding remarks
The relative role of FOXO-dependent proteostasis in overall FOXO functions is unknown. Given that FOXOs upregulate not only target genes involved in proteostasis but also targets involved in cell cycle, oxidative stress, and metabolism, it will be important to dissect the extent to which various FOXO targets contribute to longevity and various diseases. Identification of mutant forms of FOXO transcription factors that specifically affect proteostasis, but not other aspects of FOXO function, as has been done for p53 [121] , would be useful in elucidating the contribution of FOXO proteostasis to organismal responses. It is possible that FOXO-mediated proteostasis is absolutely essential for longevity, but also conceivable that this activity of FOXO is not protective in aging in the absence of the other functions of FOXO. FOXOs may coordinate multiple mechanisms of quality control in the same cell to prevent damage accumulation.
Although proteostasis is a cytoprotective mechanism that can increase organismal longevity and protect against aggregation-prone diseases and some cancers, excess autophagy or proteasomal activity can have detrimental consequences such as muscle wasting or cachexia [27, 32, 122] . Why does FOXO-induced proteostasis promote survival in some cases (neurons) but degeneration in others (skeletal muscle cells)? Some FOXO family members may be more potent at inducing proteostasis than others. Because the expression of different FOXO family members vary in different tissues -for example, FOXO3 and FOXO6 are highly enriched in the brain, FOXO1 in liver and adipose tissue, and FOXO4 in muscle -cell typespecific binding of FOXO to specific proteostasis targets may explain some differences, but the full story is likely to be more complex. It is possible that the protective effects of FOXO-induced proteostasis precedes in time the detrimental effects, but some cell types may resist for longer periods of time. Other cell type-specific parameters, such as chromatin landscapes, binding of cofactors, and metabolic states, may contribute to the protective or degenerative consequences of proteostasis by FOXO factors. Highthroughput genomic approaches to identify transcription factor binding sites genome-wide are likely to shed new light on the functions of FOXO in autophagy and proteostasis. Genome-wide binding data are available for FOXO3 in neural stem cells and macrophages and for FOXO1 in B cells, liver and regulatory T cells [123] [124] [125] [126] [127] , and these data indicate that FOXOs bind to proteostasis genes in all these cells. Future work comparing the kinetics of induction and the composition of the FOXO programs in tissues with different metabolic potential (liver, brain, muscle, fat, cardiac tissues) or in different cell types (differentiated vs stem cells), particularly under low nutrient or high stress conditions, will expand our understanding of how FOXOs function to affect proteostasis. Identifying mechanisms to safely modulate these clearance mechanisms in vivo, without triggering negative effects will likely be of therapeutic benefit for diseases of age, in particular those linked to protein aggregates such as neurodegenerative diseases.
